Abstract This review discusses the complementary relationship between radio and hard X-ray observations of the Sun using primarily results from the era of the Reuven Ramaty High Energy Solar Spectroscopic Imager satellite. A primary focus of joint radio and hard X-ray studies of solar flares uses observations of nonthermal gyrosynchrotron emission at radio wavelengths and bremsstrahlung hard X-rays to study the properties of electrons accelerated in the main flare site, since it is well established that these two emissions show very similar temporal behavior. A quantitative prescription is given for comparing the electron energy distributions derived separately from the two wavelength ranges: this is an important application with the potential for measuring the magnetic field strength in the flaring region, and reveals significant differences between the electrons in different energy ranges. Examples of the use of simultaneous data from the two wavelength ranges to derive physical conditions are then discussed, including the case of microflares, and the comparison of images at radio and hard X-ray wavelengths is presented. There have been puzzling results obtained from observations of solar flares at millimeter and submillimeter wavelengths, and the comparison of these results with corresponding hard X-ray data is presented. Finally, the review discusses the association of hard X-ray releases with radio emission at decimeter and meter wavelengths, which is dominated by plasma emission (at lower frequencies) and electron cyclotron maser emission (at higher frequencies), both coherent emission mechanisms that require small numbers of energetic electrons. These comparisons show broad general associations but detailed correspondence remains more elusive.
Introduction
From its earliest days, the study of hard X-ray emission from the Sun has had a natural ally in solar radio emission (Kundu 1961 ). The reason is straightforward: the electrons that produce hard X-ray emission, by definition, have energies of order 10 keV or more, and such energetic electrons are also very efficient emitters of radio emission in the solar corona. That they can produce radio emission by a number of different physical mechanisms, in contrast to the bremsstrahlung-dominated hard X-rays, means that the radio data provide a range of diagnostics that complement the hard X-ray measurements. Between these two wavelength ranges we should expect to be sensitive to most sources of energetic electrons, both thermal and nonthermal, in the solar corona.
In this article we will review developments in our understanding of the joint use of radio and hard X-ray emission since the launch of the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) satellite in 2002. In all cases discussed here, the hard X-ray emission most likely arises from bremsstrahlung emitted when energetic electrons are accelerated by Coulomb forces in collisions with ambient ions, either in the chromosphere or in the corona. Bremsstrahlung hard X-ray emission is proportional to the product of the nonthermal electron density and the ambient ion density. Inverse Compton emission is also a possible emission mechanism for the hard X-rays, but more extreme conditions are required and are not believed to be relevant for our discussion (e.g., see Krucker et al. 2008a ). There are two general areas in which comparison of radio and hard X-ray (HXR) emission is relevant: phenomena (usually at higher radio frequencies, i.e., above 5 GHz) in which the radio emission is incoherent gyrosynchrotron emission 1 , and those (usually at lower frequencies, i.e., below 2 GHz) where the radio emission is due to a coherent emission mechanism such as plasma emission or cyclotron maser.
Quantitative comparison of hard X-ray and microwave spectra
The study of radio emission from solar flares predates the detection of hard X-rays from the Sun, and the presence of activity at microwave frequencies in the impulsive phase of solar flares had been well established by 1958 when the first observation of a flare at hard X-ray/γ-ray wavelengths was carried out with a balloon-borne telescope over Cuba (Peterson & Winckler 1958) . The authors of that paper noted the coincidence of the HXRs with microwave emission, and speculated that the "radio spectrum is emitted as betatron radiation from [electrons at energies of about 1 MeV] as they spiral in the intense magnetic fields associated with the sunspot group. These same electrons finally stop in the solar photosphere, where a small fraction of their energy is lost as bremsstrahlung γ-rays" (see also Kundu 1961) . This remains our overall picture of the relationship between hard X-ray and microwave emission in the impulsive phase of flares: electrons with energies above 30 keV produce gyrosynchrotron radio emission as they spiral in ubiquitous magnetic fields in the corona, and bremsstrahlung HXRs when they precipitate into the dense chromosphere and lose their energy through collisions. The magnetic field strength B in the corona is typically of order 500 G over active regions, leading to electron gyrofrequencies (2.8 × 10 6 B Hz) of order 1-2 GHz in the low corona, and electrons with energies of order 100 keV and above radiate gyrosynchrotron emission at harmonics from the third upwards, usually dominating radio emission from flares at frequencies above 3 GHz. Typical flare radio spectra peak at 10 GHz (Guidice & Castelli 1975) , although in larger flares the spectral peak can often occur at much higher frequencies.
In this picture we expect images of the radio emission at microwave frequencies to outline the field lines in the corona occupied by nonthermal electrons, while the HXRs show the same electron population as they strike the chromosphere at the footpoints of those field lines. With sufficiently good imaging, one could establish field-line connectivity by such a comparison. This picture can be distorted in several ways: the strength of the radio emission is proportional to a high power of B (e.g., Dulk & Marsh 1982) and thus electrons trapped in regions of strong magnetic fields will appear very bright, whereas strong magnetic fields near the surface tend to prevent precipitation of electrons with non-zero pitch angles due to magnetic mirroring and this effect could actually reduce gyrosynchrotron emission close to the footpoints compared to the rest of the loop.
Such comparisons of gyrosynchrotron and HXR emission remain a staple of high energy solar physics. One aspect to be borne in mind is that although radio telescopes are capable of excellent imaging and are generally more sensitive to nonthermal electrons than are HXR detectors, solar-dedicated radio telescopes capable of excellent imaging are few in number and it is difficult to arrange observations during flaring periods on non-solar-dedicated major facilities such as the Very Large Array (VLA). Therefore most of the radio work at microwave frequencies utilizes data from solar-dedicated arrays such as the Nobeyama Radio Heliograph (NoRH), the Owens Valley Solar Array (OVSA) or the Siberian Solar Radio Telescope.
We discuss the formalism for quantitative comparison of gyrosynchrotron radio data and bremsstrahlung hard X-ray measurements in the current section. Examples of scientific topics addressed specifically by comparison of RHESSI and microwave observations are given in the following sections.
Hard X-ray bremsstrahlung spectra
In the following discussion of HXR emission we follow the prescription of Hudson et al. (1978) , based in turn on Brown (1971) and the Bethe-Heitler form for the bremsstrahlung cross-section (see the discussion of cross-sections in Kontar et al. 2010) . Essentially the same calculation was used by Nitta et al. (1991) and for quantitative comparison of radio-and HXR-emitting electrons. Assume that the hard X-ray photon spectrum is a power law of the form
where ε is the photon energy, γ is the power-law slope of the photon spectrum, and A 0 is the normalization constant at a fiducial photon energy E 0 keV. In the case of the widely-used OSPEX package of Richard Schwartz, E 0 = 50 keV is the default for the broken power-law fit to the spectrum and the normalization obtained from the fit refers to this energy. Given this photon spectrum, the corresponding electron flux energy spectrum into the target is given by
electrons keV −1 s −1 (2.2) (Hudson et al. 1978) , where b(γ) = γ 2 (γ − 1) 2 B(γ − 0.5, 1.5) and B(x, y) is the beta function. The parameter b(γ) is of order 10 to 60 for typical values of γ (3 to 6). The factor of E 0 appearing in the denominator here is in units of keV (per Brown 1971, p. 498, equation 15) . We use N (E) to denote the total number of electrons at energy E in some volume: derivatives of this quantity with respect to volume and energy yield the volume number density and the energy distribution, respectively.
Thick-target hard X-rays
The electron flux into the HXR target cannot be compared directly with the microwave parameters since the relevant quantity for the radio emission is the total number of radiating electrons in the coronal volume, rather than a flux.
Comparison of the two depends on the nature of the hard X-ray source. In this section we consider the so-called "thick-target" case, in which the radiating electrons immediately lose all their energy in a high-density source. The density of the source then does not appear in the formulae. To derive the nonthermal electron volume density from the energy distribution of the electron flux into the thick target, we assume the classic expression relating a density to a flux,
where A X is the area of the X-ray source and v is the velocity of the electrons into the target. A X must be obtained from observations, and its determination relies on high-quality imaging data. The velocity v is treated as follows. For ultrarelativistic electrons it is assumed to be of order c with no energy dependence. For nonrelativistic electrons we assume, as an approximation, that the component of velocity into the target (i.e., the downwards component for thick-target emission from the chromosphere) carries one-third of the electron energy (equipartition between directions of motion). Thus we set This formula indicates that for a given photon power-law index γ, the electron energy power-law index δ = γ + 1.5 at nonrelativistic energies in a thick-target model, i.e., the energy spectrum of the electrons entering the target is actually steeper than the resulting thick-target bremsstrahlung photon spectrum. This occurs because the electron energy spectrum in the target is flatter than the injected energy spectrum, due to the fact that electrons with low energy lose their energy faster by collisions with ambient electrons, and thus are depleted in the target faster, than high-energy electrons. The ultrarelativistic limit is somewhat complicated and simple expressions are not available. In terms of the spectrum, setting v = c in Equation 2.3 means that no additional power of E is added when the electron flux is converted to a number density, i.e., if this were the only change in the ultrarelativistic limit we would find
In terms of the photon spectrum, this would actually imply that for a pure electron energy power law δ the bremsstrahlung photon spectrum would steepen in the ultrarelativistic limit compared to the nonrelativistic limit by 0.5 in the spectral index, i.e., γ = δ −1 instead of γ = δ −1.5. However, the electron-ion cross-section changes form in the ultrarelativistic limit, and electron-electron collisions play a more important role in producing bremsstrahlung at energies above the electron rest mass. Electron-electron bremsstrahlung results in a photon spectrum shallower by 1 in the spectral index than electron-ion bremsstrahlung (Vestrand 1988; Kontar et al. 2010) . (The main energy loss of the incident electrons occurs in e − e collisions, but at lower energies HXR photons are predominantly produced by the large deflections in e − p collisions.) The combined result of all these effects seems to be to flatten the photon spectrum above 500 keV by about 0.5, i.e., γ ≈ δ − 2. McTiernan & Petrosian (1990) state that a rough integration of the product of electron flux and cross-section gives a flattening of the photon spectrum above 500 keV by log(E γ /m e c 2 ), although their calculation refers to fluxes rather than volume number densities. In any case, it does not seem to be readily feasible to derive quasi-analytical approximations in the relativistic limit: a crude approach is to join the nonrelativistic limit smoothly onto a power law 0.5 flatter above 500 keV.
Thin-target limit
In contrast to the thick-target limit, which is generally believed to apply to footpoint HXR sources, in the thin-target limit the electron energy distribution evolves only slowly under the influence of collisions. The rate of bremsstrahlung emission depends on the ambient ion number density n i (cm −3 ) in the source (assumed to be much larger than the density of any accelerated ions present). In this case, for a given photon spectrum (Equation 2.1), we find that the nonthermal electron energy distribution is
where C(γ) = (γ − 1)/B(γ − 1, 0.5) and V X is the physical volume of the hard X-ray source. In the thin-target limit, δ = γ − 0.5, i.e., the electron energy distribution is flatter than the photon energy spectrum by about 0.5 in the index, whereas in the thick-target case the electron energy distribution is steeper than the observed photon energy spectrum.
Simplified gyrosynchrotron formulae
Exact calculations of the gyromagnetic emission by an energetic electron distribution are somewhat complicated and do not lend themselves to simple analytic formulae (e.g., Ramaty 1969; Takakura 1972) . Faster numerical approaches have also been developed (e.g., Petrosian 1981; Klein 1987; Fleishman & Kuznetsov 2010) . In order to have rough analytic estimates of the number density of the radio-emitting electrons, we use the Dulk & Marsh (1982) approximation formulae (see Dulk 1985 , for corrected versions) for gyrosynchrotron emission. These describe a power-law distribution of mildly relativistic electrons, and are valid for isotropic electron pitch-angle distributions, harmonics in the range 20-100 and viewing angles (between the line of sight and the magnetic field direction) in the range 30 • -80 • . The physical property of the radio source that is easiest to measure and least dependent on a specific geometrical model is the brightness temperature at a point in the image, obtained at the highest frequency and spatial resolution possible. Other quantities, such as fluxes, require source areas to be known, and these are much more model-dependent than a localized brightness temperature. On the other hand, measuring the true brightness temperatures requires excellent high-spatial-resolution imaging. It is assumed that the radio spectral index α r can be measured from two optically-thin frequencies (i.e., two frequencies above the flux peak in the radio spectrum). The expression for radio brightness temperature at a frequency f produced by an electron number density energy distribution
(here N r is the number of electrons per unit volume in the distribution above the fiducial electron energy E r , taken to be 10 keV by Dulk & Marsh 1982) in a magnetic field of strength B Gauss is
where θ is the angle between the magnetic field and the line of sight, L is the line-of-sight depth through the source at the point where T B is measured, and f B = 2.8 × 10 6 B Hz is the electron gyrofrequency. Throughout this review we will use cgs units except for photon and electron energies, where in solar physics it is traditional to use keV rather than ergs as the energy unit. Equation (2.9) results from multiplying together the Dulk (1985) expressions for opacity κ and effective temperature T e f f . We proceed to use Equation (2.9) for T B to determine the parameter N r that appears in Equation 2.8; note that N can also be derived directly from the X-ray Equation 2.6 by equating it to Equation 2.8, as presented below.
For convenience we write f f B = 10 9 f GHz 2.8 × 10 6 B = 357 f GHz B (2.10) .1 A comparison of gyrosynchrotron radio spectra from electrons with different energy ranges. The black line is the spectrum produced by an electron energy power law from 20 to 20000 keV with a spectral index of 3.6 in a constant magnetic field of 600 G. The green dashed line is the spectrum produced by the lower-energy electrons from 20 to 300 keV, and the purple dash-dot line is the spectrum produced by the 300 to 20000 keV electrons. The calculation assumes a homogeneous loop of length 10 ′′ , width 3 ′′ and depth 1 ′′ , and an isotropic pitch-angle distribution for the radiating electrons. Radiative transfer is taken into account in the calculations.
(where B is everywhere in units of Gauss) and find
Inverting this expression to obtain N r and substituting into Equation 2.8 we find 12) in units of electrons cm −3 keV −1 . The quantity T B can be measured directly if imaging observations of sufficient resolution are available; θ is usually assumed to be close to 90 • since this maximizes the gyrosynchrotron emissivity; L can be estimated from the radio images; and since α r = 1.20 − 0.90δ is the radio flux spectral index, the value of δ obtained from the hard X-ray spectrum can be independently checked from the high frequency radio spectrum. The physical quantity in this equation that cannot be derived from observations is B, which appears as a very high power. In principle this too can be determined using the location of the radio peak frequency, which determines B via the following gyrosynchrotron approximation:
A peak frequency of 10 GHz typically corresponds to B ≈ 600 G (roughly the 6th harmonic of the gyrofrequency), with only a weak dependence on other physical parameters in the source (e.g., Dulk & Marsh 1982) . Equations (2.6) and (2.12) are two separate expressions for a volume density energy distribution and can be compared. When the spectral indices disagree by a large amount, as is often the case (with the energy distribution derived from radio data usually being flatter than that derived from HXR data), then it is usually assumed that they refer to different energy ranges: the optically-thin microwaves are more sensitive to electrons above 300 keV, while hard X-rays are usually dominated by electrons below 300 keV. This is illustrated in Figure 2 .1, which compares the gyrosynchrotron spectra of high-and low-energy electrons: electrons below 300 keV produce little radio emission above the spectral peak near 10 GHz (in the case of Figure 2 .1, at 30 GHz, the 20-300 keV emission is already two orders of magnitude weaker than the emission from the full energy range). When the electrons below 100 keV are present, they are sufficient to make the source optically thick at frequencies below the spectral peak, and the harmonic structure is clear (but will only be observed if the magnetic field is constant throughout the source, which is unlikely to be the case); when only electrons above 300 keV are present, they produce a smoother spectrum below the spectral peak because their harmonics are intrinsically broader. The spectrum shows some flattening above 40 GHz in the regime where relativistic particles dominate the emission. Note that the Dulk & Marsh formulae were derived from a full relativistic calculation for the gyrosynchrotron emission, so there is no contradiction in comparing the nonrelativistic thick-target bremsstrahlung results dominated by <500 keV electrons with the relativistic gyrosynchrotron emission dominated by >500 keV electrons, as long as the underlying electron energy spectrum has an unbroken power law (Equation 2.2) from nonrelativistic to relativistic energies.
The discussion in this section relies on the paradigm that the nonthermal electrons are accelerated in the corona and then propagate down to the footpoints of the loops. Another complication for the comparison between radio and HXR results that needs to be borne in mind is that the number density appearing in Equation 2.6 refers to the density entering the thick target at the footpoints, i.e., at some depth in the chromosphere depending on the electron energy (e.g., Brown et al. 2002) , while the radio emission comes from the corona and the number density therefore refers to a different location in the loop. Implicit is also the assumption that the pitch-angle distribution is everywhere isotropic, corresponding to the fast pitch-angle scattering limit; an anisotropy in the pitch-angle distribution will affect the comparison (discussed further below).
Radio flux from a thick-target hard X-ray spectrum
We may now derive an expression for the radio flux from an integrated hard X-ray spectrum under the thick-target assumption. Given the radio brightness temperature, in this case the Dulk and Marsh approximation (Equation 2.9), we obtain the total radio flux from the standard expression (e.g., Dulk 1985, equation 14) : 14) where the integral is over the solid angle Ω subtended by the radio source on the sky. We may replace the solid angle element dΩ with dA/D 2 , where A is the actual physical area of the source on the sky and D is the distance of the source (in this case, D is one astronomical unit, 1.5 × 10 13 cm). From Equation 2.9 we may write
Now we note that N r L dA is the integral of the number density per unit volume (above the reference energy E r ) over the volume of the source, i.e., it is the total number of electrons in the emitting volume, N tot . Combining the physical constants (note that one solar flux unit, or "sfu," is 10 −19 ergs cm −2 s −1 Hz −1 in cgs units) and setting the angular factor to unity as an approximation (e.g., for θ = 70 • and δ = 3.0, (sin θ ) −0.45+0.66δ = 0.9), we find
The effect of anisotropy The discussion presented above assumes an isotropic pitch-angle distribution for the radiating electrons. This is appropriate, e.g., when strong pitch-angle scattering in the flare loops, by collisions or by wave-particle interactions, isotropizes the particle distribution. This assumption is necessary to derive simple analytic formulae that can be applied (weak anisotropy is included in the papers by Petrosian 1982; Robinson 1985; Klein 1987 ), but may not be appropriate in many cases. Fleishman & Melnikov (2003a) discuss the effect of pitch-angle anisotropies on gyrosynchrotron emission in some detail. A single relativistic electron emits most of its radiation in a narrow cone around the direction of motion, but particles with small pitch angles barely radiate at all, so there can be large differences in the emission of electrons with large and small pitch angles. Tied to this question is the evolution of the pitch-angle distribution of a population of magnetically-trapped electrons both in time and in space. In a loop with significant variation in magnetic field strength between the footpoints and the loop top, conservation of the first adiabatic invariant means that the pitch angle of an electron will increase as it propagates towards stronger magnetic fields, and the electron will reflect at the height where its pitch angle reaches 90 • ("magnetic mirroring"). Electrons with pitch angles sufficiently small for them to reach the solar chromosphere will "precipitate" (i.e., lose their energy immediately in collisions and stop) there and be lost from the corona. When gradual pitch-angle scattering takes place, without renewed injection of electrons, one ends up with a population of electrons with large pitch angles trapped near the loop top. Fleishman & Melnikov (2003a) (with corrections in Fleishman & Melnikov 2003b ) investigate changes to the gyrosynchrotron spectrum due to various forms of pitch-angle anisotropy at different observer viewing angles. Changes are more pronounced for viewing angles close to the magnetic field direction rather than perpendicular to the magnetic field direction in the source. The degree of polarization tends to increase as the anisotropy of the pitch-angle distribution strengthens, and the spectral index in the optically-thin limit is larger (steeper spectra) than for the isotropic pitch-angle distribution. In particular, loss-cone distributions viewed along the magnetic field show much weaker emission than isotropic distributions, and steeper high-frequency (i.e., optically thin) spectra: this can explain some observed differences between loop ends and loop tops for disk flares where the legs of the loop are viewed along the magnetic field and the loop top is viewed orthogonal to the magnetic field.
Transport effects
Particle transport effects can also influence the appearance of microwave and hard X-ray sources, and delays between the two types of emission. Simultaneous imaging observations of radio and HXR sources can place physical constraints (loop lengths, source separations) on the flare site. We will not address these issues in detail here. We note that discuss the ways in which both pitch-angle distributions and particle transport effects can affect the microwave appearance of flaring loops. Minoshima et al. (2008) carry out detailed calculations of a trap-plus-precipitation model for a flare observed by RHESSI and NoRH. This flare exhibited HXR emission from two footpoints and a loop-top microwave source, and the authors argue that their model can explain the observation that the radio-emitting electrons appear to have a spectrum harder than that of the HXR-emitting electrons. As time proceeds, higher energy electrons will tend to concentrate in the trapped population of coronal loops, and this can explain observations such as the gradual hardening of the microwave spectrum even when the HXR spectrum is softening (e.g., Ning 2007 Ning , 2008a .
Thermal bremsstrahlung radio emission from flares
For completeness we include a brief discussion of thermal radio emission. The opacity due to bremsstrahlung of a uniform plasma of typical solar composition at temperature T e and density n can be approximated by (e.g., Dulk 1985)
where n is measured in cm −3 , T e in Kelvin and frequency f in Hz. From Equation 2.14, the corresponding radio flux is given by
where L is the thickness of the source along the line of sight (in units of cm) and Ω is the projected solid angle on the sky occupied by the source. As above, the radio flux is traditionally quoted in units of sfu. As a crude rule of thumb, where r is the radius of the area in which the brightness temperature is T B (with T B = T e in the optically-thick limit and T B = κLT e in the optically-thin limit). Generally in solar flares, we find that the heated coronal plasma is optically thin to thermal bremsstrahlung above about 10 GHz, and this can be verified because, by Equation 3.2, the flux spectrum should be almost independent of frequency (or equivalently, the brightness temperature spectrum, obtained from spatially-resolved images, varies as f −2 ). A GOES class M1 flare typically produces a peak thermal flux of 1-5 sfu in the optically-thin flat-spectrum limit from the 10 7 K plasma to which GOES is sensitive, while an X1 flare produces of order 10-50 sfu of thermal emission. At low, optically thick, frequencies the spectrum rises as f 2 . The n 2 /T 0.5 dependence in the optically thin limit means that thermal bremsstrahlung is strongest in cool dense plasmas. In fact, if we take a given volume of optically thin plasma and heat it up without changing the density, the radio flux from the plasma will actually decrease due to the T −1.5 dependence of the opacity. The GOES soft X-ray data are most sensitive to plasma at a temperature of order 10 MK, and if any cooler plasma is also present then the thermal radio emission will be larger than the flux level inferred from the GOES data alone. It should also be noted that the radio emission is produced by electrons whereas the soft X-ray emission has a large contribution from lines of highly-ionized atoms of elements heavier than hydrogen, so quantitative comparison of the two also depends on the abundance distribution of the radiating plasma (see the discussion in White et al. 2005) .
Physical properties of flare-accelerated particles from hard X-rays and microwaves
As discussed in Section 2, if electrons with the same energy distribution produce both the microwave and hard Xray emission from a solar flare, there should be straightforward relationships between the spectral indices of the two emissions. However, there has been a long record of comparisons finding that in fact the radio and hard X-ray spectral indices are not compatible with the same electron energy distribution (e.g., Kundu et al. 1994; Silva et al. 2000) . Since the typical (initial) energy of an electron emitting a HXR photon of energy E is 1.5E − 3E , with higher electron energies for flatter energy spectra (e.g., Kosugi et al. 1988; Aschwanden & Schwartz 1996) , and microwave emission at higher frequencies is typically dominated by electrons with energies above 300 keV, it is (lower panel) the time evolution of the radio spectral peak frequency (purple solid line) and the radio spectral index from 35 to 80 GHz converted to an electron energy spectral index assuming gyrosynchrotron emission from an optically-thin source (red plus symbols, uncertainty ±0.3). For comparison, the thick-target electron energy index obtained from the RHESSI 100-400 keV spectrum is also shown (blue open circles; formal uncertainty ±0.2). From desirable to have the hard X-ray spectral index at energies up to several hundred keV when making this comparison. Previously, such comparisons between microwave and HXR/γ-ray photon spectra up to several hundreds of keV have been possible with GRANAT/PHEBUS data (Trottet et al. 1998; Vilmer et al. 1999) . Those studies found consistency between the spectral indices of the radio-emitting electrons and the HXR/γ-ray-emitting electrons at energies above several hundred keV.
SOL2002-07-23T00:35 (X4.8)
The first RHESSI flare for which this was possible was SOL2002-07-23T00:35 (X4.8). Before the main phase of this event, a remarkable distended precursor radio loop is seen, shown in Figure 4 .1 (Asai et al. 2006 ). The elongated loop structure is visible in both the 17 and 34 GHz images, extending over 80 ′′ to the north-east from the subsequent site of the flare (located at the base of this loop, marked in the middle panel of Figure 4 .1). In the 75 minutes for which NoRH images are available prior to the flare, the loop does not seem to change shape, nor are there significant changes in its brightness. On the other hand, the compact source at the base of the loop, which is not visible at 34 GHz and therefore may be nonthermal, declines steadily over this period until 00:18 UT, when pre-flare activity commences. EUV images of this region show no feature corresponding to the radio loop: it is difficult to measure its spectrum, but it may be thermal, suggesting that it is material much hotter than the ∼10 6 K range to which the EUV images are sensitive.
Once the flare starts, intense nonthermal gyrosynchrotron emission from the main flare loops takes up the dynamic range of the images and the pre-flare loop is no longer visible. carried out a careful study of the main flare using radio imaging and spectral data from NoRH together with RHESSI data. In common with other large flares, this event had a high turnover frequency in its radio spectrum, necessitating the use of radio fluxes above 30 GHz in order to estimate the radio spectral index on the optically-thin high-frequency side. The imaging data were consistent with the picture in which the high-energy HXRs were emitted from the footpoints of coronal loops visible in the radio images.
Radio and HXR light curves for this event and the results of fits to the radio and HXR spectra are shown in Figure  4 .2. The structure of the 35 GHz light curve is representative of all radio frequencies above 4 GHz, and 60-100 keV is representative of the light curves for all hard X-rays above 30 keV; below 30 keV, the X-rays show less temporal fine structure in their light curves (Holman et al. 2003) . The impulsive phase consists of a number of spikes and dips that are all seen in both the radio and HXR light curves. Different peaks have relatively different heights at the two wavelengths, but over the ∼20 minutes of the impulsive phase the similarity in time profiles is striking, including the brief sharp dip at 00:30:20 UT. Note that the rapid drop in radio emission exhibited during this dip implies that the trapping time for electrons in the corona must be very short (of order seconds) in this event.
The lower panel in Figure 4 .2 represents the spectral evolution of the radio emission using two parameters: the peak frequency (solid line), and the radio spectral index from 35 to 80 GHz (plus symbols), converted to the equivalent electron energy spectral index. The peak frequency in the spectrum, i.e., the frequency at which the radio flux is largest at any time, represents the boundary between the lower frequency emission from the regime where the source is optically thick and higher frequency emission from the regime where the source is optically thin. For comparison, the HXR spectral index from 100-400 keV, converted to an electron energy spectral index by assuming thick-target emission, is also plotted (as circles) in the lower panel, and it is clear that the two energy spectral indices are inconsistent with one another: as usual (e.g., Kundu et al. 1994; Silva et al. 2000) , the radio data indicate a much flatter energy spectrum than do the HXR data.
Applying the quantitative analysis above to the hard X-ray data, we can estimate electron number densities in this event. The 40-400 keV photon energy spectrum at 00:35:00 UT, when the radio spectral peak is well below 34 GHz, has the form 9 (E γ /50 keV) −3.2 photons cm −2 keV −1 s −1 . The corresponding flux of electrons striking the chromosphere is 2 × 10 35 (E/20 keV) −4.2 electrons keV −1 s −1 . To convert this to a number density we need to divide by the footpoint area A. The RHESSI images do not resolve the footpoints at a resolution of 7 ′′ and images made using grid 1 suggest a size as small as 2 ′′ . If we adopt A = 10 16 cm 2 , corresponding to a diameter of 2 ′′ , using the formalism of the previous section we derive an energy distribution for the electron number density at the footpoints of 5 × 10 9 (E/20 keV) −4.7 (A/10 16 cm 2 ) electrons cm −3 keV −1 .
If we take the electron energy spectral index of −4.7 derived from HXR and apply it to the radio brightness temperature as discussed in the previous section, then the radio data also require very high densities. 2 Based on gyrosynchrotron theory, the brightness temperatures of over 10 9 K achieved at 17 GHz at the peak of the flare can only be produced by an electron energy spectrum as steep as −4.7 if the harmonic number is in excess of 30 (see figures in Dulk & Marsh 1982 , confirmed by accurate numerical calculations). Such high harmonic numbers imply a relatively small magnetic field strength, no more than 200 G, and to achieve the same radio brightness temperature with the lower value of B, nonthermal densities over 10 10 cm −3 above 20 keV are required, similar to those found above from the HXR data. The low value for B is consistent with the location of the brightest radio emission at the top of the arcade of loops. Caspi & Lin (2010) found that the superhot component in this flare (temperature of order 30-40 MK) required a magnetic field strength of at least 500 G to confine it, consistent with a picture in which the bulk of the nonthermal particles are located at a greater height than the superhot component. Even larger values of nonthermal electron density, with much stronger magnetic fields, were deduced by Raulin et al. (2004) in the case of SOL2001-08-25T16:45 (X5.3).
So, unfortunately, this extremely well observed event only adds to the problem of reconciling energy spectra derived from radio and HXR data. Since the radio and HXR profiles are so similar, we cannot argue that the radio emission comes from a long-lived population of trapped electrons while the hard X-rays come from directly precipitating electrons, as occurs in other events where the time profiles clearly differ (e.g., Raulin et al. 1999 ): the radio-emitting electrons have the same time behavior as the hard X-ray emitting electrons and should have a common origin and common evolution. There is a flattening in the RHESSI γ-ray spectra by about 0.5 in the index, but no sign in the data up to 8 MeV of the flattening by 2 implied by the radio data (Smith et al. 2003 ), so we argue that the radio spectral indices in Figure 4 .2 are not compatible with the RHESSI observations. We are forced to assume that the high-frequency radio emission is dominated by a region with a high turnover frequency so that the 35-80 GHz spectrum does not represent optically-thin emission, even in the later stages of the flare, and the true optically-thin radio spectral index is steeper than derived above. Nitta et al. (1991) reached a similar conclusion for their event.
Both radio and HXR data require extreme number densities of nonthermal electrons to be accelerated in the energy release: over 10 10 cm −3 above 20 keV. These numbers imply an acceleration mechanism of very high efficiency. 
SOL2003-06-17T22:55 (M6.8)
Another well-observed flare is SOL2003-06-17T22:55 (M6.8) (Kundu et al. 2009 ). This flare is one of the few in which emission up to energies exceeding 200 keV can be imaged in hard X-rays, and we can investigate the HXR spectra of individual sources up to this energy. The morphology of the event is shown in Figure 4 .3. It takes the form of a filament eruption followed by a large double-ribbon flare with nonthermal emission stretching along a north-south axis over a neutral line. Three peaks each separated by about 5 minutes (times labeled in Figure 4 .3) are seen in the HXR light curve, and are matched in the radio data. In this case the radio and HXR morphologies are very similar, with both showing sources seeming to straddle the neutral line: the southernmost source is brightest during the first peak and then fades relative to the other peaks. Note that HXR and radio emission are both seen over a distance of more than 60 Mm along the neutral line in this one event: nonthermal energy release must have taken place throughout a large volume. The distinctive feature of this event is that we can clearly separate three spatially distinct HXR sources during three different temporal peaks, and compare the energy spectra in each case. Figure 4 .4 shows the RHESSI spectra for the three sources outlined by boxes in the upper middle panel of Figure 4 .3 during each of the three peaks, and Table 4 .1 reports the spectral indices determined from power-law fits to these spectra (Kundu et al. 2009 ).
Peak S2 (middle) N1 (north) SR (south) Spatially integrated 22:45:30-22:47:00 UT 3.1 ± 0.3 3.3 ± 0.3 3.0 ± 0.4 3.3 (280) 2.5 ± 0.2 22:48:00-22:50:00 UT 3.3 ± 0.1 3.5 ± 0.1 2.8 ± 0.5 3.4 (210) 2.0 ± 0.2 22:52:40-22:54:30 UT 2.7 ± 0.1 2.9 ± 0.2 2.1 ± 0.6 2.5 (120) 3.4 ± 0.2 Table 4 .1 Power-law fits to the photon spectral index γ of individual sources in each of the three main peaks in the SOL2003-06-17T22:55 (M6.8) light curve derived from images in different energy bins, together with the fit to background-subtracted 50 -400 keV spectra from the RHESSI front detectors. For the spatially-integrated spectra, the numbers are the results of a broken power-law fit: the spectral index at energies below the break, the break energy (keV) in parentheses, and the spectral index above the break. Uncertainties in the fits to the break energies are typically large (tens of keV).
The fits to the spatially-resolved spectra assume a single power law over the 40 -240 keV range, while the fits to the integrated spectra assume a broken power law over the range 50 -400 keV. For peaks 1 and 2 the spectral break in the power law is above 200 keV and the fitted spectral index below 200 keV generally matches the fits to the spatially resolved spectra, which are dominated by photons below 120 keV, while the fit above the break gives a flatter spectrum. The uncertainties in the fits above the break are large due to the small number of high-energy photons detected, so one cannot conclude that there is flattening of the electron energy spectrum at high energies during the first two peaks (although note that fits to the RHESSI rear-detector spectra, more sensitive than the front detectors at high photon energies, agree with the results in Table 4 .1 to within the uncertainties). ) We can also look at radio spectra for the individual peaks. NoRH images can be used to measure the spectral index for the three individual sources from 17 to 34 GHz, and again it is found that the inferred energy spectra are flatter than the energy spectra inferred from the HXR data with a difference in spectral index of order 1-2. Non-imaging data from the Nobeyama polarimeters (NoRP) up to 80 GHz suggest steeper radio spectra above 34 GHz, but there is a large uncertainty in the calibration of the NoRP 80 GHz data during this period and this leads to large uncertainties in the high-frequency spectral index. We do see significant anomalies between the radio and HXR properties of the sources: source SR is relatively bright at 34 GHz until late in the event, suggesting a very flat energy spectrum; the radio spectra do not show the same trend that all the spectra are flatter during peak 3. However, again we have major uncertainties in the location of the peak in the radio spectra of the individual sources since we only have images at two frequencies, and therefore we cannot determine whether the spectral index from 17 to 34 GHz actually represents the true opticallythin spectral index: if the 17 GHz source is partially optically thick then this frequency range will show a spectrum flatter than the true optically-thin spectral index. These problems again emphasize the need to have routine data at more than one frequency above 40 GHz if we are to be confident in measuring the true optically-thin radio spectral index in large flares.
The general conclusion of Figure 4 .4 and Table 4 .1 is that a given peak shows the same energy spectrum (from HXRs) in all three spatial locations, but it may differ from one peak to the next: peaks 1 and 2 clearly have steeper spectra than peak 3 (below 120 keV) in all three sources and in the integrated spectra. This suggests either that the electron acceleration mechanism has the same physical characteristics over a large spatial scale (5 × 10 4 km) or a more localized accelerator distributes electrons over the full volume. The challenge for the first interpretation is the fact that all sources show a flattening of their spectra in peak 3 after being steeper in peaks 1 and 2: how can sources so far apart have their characteristics change in the same way? For example, if acceleration is due to stochastic acceleration by wave turbulence, how is turbulence generated with identical properties over such a large volume? On the other hand, a localized accelerator that can distribute nonthermal electrons over a distance of 5 × 10 4 km is difficult to reconcile with the usual picture of post-flare loops in two-ribbon flares that are typically much shorter than the ribbons and straddle the neutral line rather than parallel the ribbons.
Coronal hard X-ray sources
The traditional picture of HXR arising from bremsstrahlung when nonthermal electrons strike the dense chromosphere is consistent with most observations. HXR sources in the corona are much less often observed, at least in part due to instrumental issues: imaging HXR telescopes typically have a limited dynamic range, and this limits their ability to see fainter thin-target emission from the low-density corona if it is competing with very bright thick-target footpoint emission from the high-density chromosphere. Coronal HXR emission is almost certainly present in most flares but difficult to observe, and a recent comprehensive review is devoted to this subject (see Krucker et al. 2008a) .
There is one circumstance in which coronal emission does not have to compete with bright footpoint emission, and that is when the footpoints of flaring loops are obscured from our view by the solar limb. Such occulted flares have long been our main source of knowledge of coronal emission (e.g., Frost & Dennis 1971; McKenzie 1975; Kane et al. 1979) , and this continues to be true in the RHESSI era. Krucker et al. (2010b) observed a flare on 2007 December 31 that occurred 12 • behind the limb as seen from Earth, but happily the event was within the field of view of telescopes on the STEREO-B spacecraft trailing the Earth in its orbit. RHESSI observed remarkably strong emission from this flare, up to 80 keV, despite the fact that the footpoints were occulted from RHESSI's view. The 50 keV photon flux was comparable to what we see from the footpoints in a GOES class M flare.
In this flare (Figure 4 .5), the nonthermal HXR come from a source seen to lie at a height in the corona that is above the lower-energy thermal soft X-rays. This offset was seen previously in the famous "Masuda" flare (SOL1992-01-13T17:25, M2.0) (Masuda et al. 1994) . NoRH images of the 2007 event show that the 17 GHz emission from the flare is co-spatial with the >30 keV source, but the larger occultation height at radio wavelengths (9 Mm above the optical limb) only allows us to observe the top part of the nonthermal HXR source at 17 GHz. The main flare loop seen during the soft X-ray peak time is occulted in the 17 GHz observations and emission from the initial source continues through the soft X-ray peak time. The microwave spectrum during the hard X-ray peak decreases with frequency as expected for gyrosynchroton emission and has a low turnover frequency, consistent with a coronal origin high above the solar surface. Based on the low turnover frequency of 2.5 GHz in the NoRP radio spectrum, the magnetic field strength in the 17 GHz source is estimated to be 30-50 G at a height 25 Mm above the solar photosphere. Since the electron gyrofrequency for this field strength is only 0.1 GHz, emission at 17 GHz is at harmonics in excess of 100 and requires relativistic electrons. In this event the energy power-law spectral index of 3.4 derived from the radio data is not very different from the value of 3.7 derived from the RHESSI spectrum under the thin-target assumptions normally made for such coronal HXR sources. Because the occultation height for this event is so large and the ambient density in the corona is correspondingly low, extreme number densities of accelerated nonthermal electrons are required in order to explain the large HXR fluxes. No source of any kind is visible in the corona at the heights of the flare HXR emission prior to the event. From the absence of thermal HXR emission at the site of the harder photons during the flare, an upper limit of 8 × 10 9 cm −3 can be placed on the ambient density. The observed HXR flux at 50 keV then requires a density for the nonthermal electrons above 16 keV in excess of 10 9 cm −3 ; for a more plausible ambient density of 2 × 10 9 cm −3 at a height of 16 Mm above the photosphere, the nonthermal electrons would have to outnumber the ambient ions in order to explain the observed HXR fluxes.
Thus in this event the standard electron-beam scenario where suprathermal electrons move through an ambient plasma producing hard X-ray emission by bremsstrahlung does not work. The main problems are that the number of accelerated electrons is comparable to the total number of electrons in the pre-flare source and that collisional heating would increase the ambient plasma temperature to superhot temperatures within seconds, producing a bright thermal HXR source. Since no such source is seen, this picture cannot be correct. Rather, the nonthermal HXR source seems to be produced by a mechanism that accelerates all electrons and produces an entirely nonthermal electron distribution. This suggests that the above-the-looptop source is the acceleration region itself. In a purely nonthermal electron distribution, collisional losses to electrons are much reduced, making it an efficient hard X-ray source. Once a significant fraction of the electrons is accelerated, collisional losses of an accelerated electron are reduced due to a smaller number of ambient electrons. This simple picture suggests that once a significant fraction of electrons is accelerated, it might not take that much more to accelerate all of the electrons. Observations of a similar event in which the pre-flare density in the region of the nonthermal HXR source can be measured are needed to confirm this picture. Asai et al. (2007) also report joint RHESSI and NoRH observations of an over-the limb M4 flare (SOL2005-07-27T05:02) whose footpoints were occulted in HXR. In that event, a filament eruption preceded the flare and was clearly visible in the NoRH 34 GHz images; again, nonthermal coronal sources are seen in both 25-40 keV HXR and in the microwave data, but in this event the energy spectra inferred from the two wavelength ranges differ greatly. The radio spectrum in this event has a spectral peak near 10 GHz, i.e., much higher than in the Krucker et al. (2010b) event, suggesting that effectively none of the radio emission is obscured from us.
In the Krucker et al. (2010b) event, the radio-deduced and HXR-deduced electron energy spectra are compatible with one another. It is evident that the discrepancy between the energy spectral indices derived from the microwave and HXR data in events such as SOL2002-07-23T00:35 (X4.8) and SOL2003-06-17T22:55 (M6.8) would be largely removed if the appropriate comparison were with thin-target bremsstrahlung rather than thick-target: as noted earlier, the actual energy spectrum of electrons in a thick-target HXR source is flatter than the injected spectrum due to the faster energy loss rate of lower-energy electrons. For the thick-target spectrum to be the appropriate comparison, the radio emission from the flare would have to be dominated by the electrons in the HXR source. In active regions where flares occur, the filling factor of strong magnetic fields at the surface is high and there is little if any difference between the field strength in the upper chromosphere and that in the lower corona. Therefore, since the volume of the footpoint thick-target HXR sources is so much smaller than the volume of the coronal loop that connects the footpoints (the footpoint sources have a depth typically less than 1 ′′ at the top of the chromosphere, whereas a coronal loop can be 20 ′′ long), and the incident nonthermal density at the footpoints will be smaller than the average nonthermal density in the loop if there is any magnetic mirroring, the only way that the electrons in the thick target can dominate the radio emission is if there are no nonthermal electrons in the coronal loop, i.e., the nonthermal electrons are entirely confined to the chromosphere. Images of disk flares such as Figure 4 .3 may seem to suggest that the locations of the radio emission are consistent with the HXR footpoints, but such images can be misleading due to their limited spatial resolution: loops smaller than the resolution of the radio images cannot be identified as loops in such images, and the distinction between footpoint sources and loop emission cannot be made. In general (see Section 5), radio images of flares are consistent with the paradigm that the radio emission is dominated by coronal sources. In any model in which the electrons are accelerated in the corona, there must always be many more electrons in the coronal volume than in the small volume occupied by the bremsstrahlung-emitting electrons in the narrow layer of the chromosphere at the footpoints of the coronal loop. In this case it remains appropriate to use the the thick-target determination of electron energy spectra described in Section 2 for comparison with the spectral index determined from gyrosynchrotron observations.
Oscillations
Any periodic or quasi-periodic behavior observed in flares is valuable because it can reveal the characteristic frequency of a physical process or environmental property and thus has diagnostic value. There have been a number of events in which such periodicity has been seen simultaneously in microwaves and hard X-rays, confirming a common origin for the electrons radiating in the two wavelength domains and providing strong constraints on the physical processes involved (e.g., Nakajima et al. 1983; Asai et al. 2001; Grechnev et al. 2003) . Fleishman et al. (2008) dis-cuss another event in which oscillations are seen both in microwave data from the Owens Valley Radio Observatory and the Nobeyama Radioheliograph, as well as in the RHESSI hard X-ray light curves. Periodicities in the range 15-20 s are found in both wavelength ranges, with degrees of modulation typically around 10% or lower; at radio wavelengths, the degree of modulation rises with frequency, suggesting that it is larger in the optically-thin regime and thus that it is the number density of nonthermal electrons that is being modulated. They also find that the modulations at lower radio frequencies lead the higher frequencies in time by a small amount, and that modulation of the circular polarization is in the opposite sense to the modulation of the intensity: circular polarization is weakest when the intensity is strongest.
Another event exhibiting modulations simultaneous in HXRs and radio is SOL2003-11-03T09:55 (X3.9) (Dauphin et al. 2005) . In this event, the later phase of HXR emission shows a quasi-periodic train of peaks with a period of order 35 s. These peaks are clear both in the 150-300 keV HXR light curve and in the microwave light curves. Surprisingly, the decimetric emission at 432 and 327 MHz shows the same modulations. Images from the Nançay Radio Heliograph at 432 MHz during the modulations show three different sources: one close to the limb, just above the HXR source locations in RHESSI images, and two other sources several hundred arcsec higher in the corona. The higher 432 MHz sources show more pronounced modulations than the lower source, despite being further from the modulated HXR footpoint sources. The correlation of the decimetric emission with microwaves and HXRs suggests that the emission mechanism is still gyrosynchrotron emission at decimetric wavelengths. Since the Razin effect is usually thought to suppress gyrosynchrotron emission at such low frequencies, this observation suggests that Razin suppression is not effective in this event, at least for the higher sources, and further that the gyrosynchrotron-emitting nonthermal electrons have access to large loops at the height of the 432 MHz sources. (Note that this event was also remarkable for the fact that it exhibited a Type II radio burst from a shock apparently driven by soft X-ray loops rising rapidly into the corona; see Dauphin et al. 2006.) Possible interpretations of such oscillations have been reviewed by Nakariakov & Verwichte (2005) and Nakariakov & Melnikov (2006) . Fleishman et al. (2008) test two models with their event: oscillations driven by MHD loop oscillations, or quasi-periodic injections of fresh nonthermal electrons into a stable source. An important constraint is that the oscillations are observed to be essentially in phase across the whole microwave spectrum, whereas a number of MHD modes (sausage, torsional) would predict that the optically thick (lower) frequencies and optically thin (higher) frequencies should show opposite behavior. Thus, the authors conclude that quasi-periodic injections of fresh nonthermal electrons provide a better fit to the observations.
Microflares
This topic is discussed at greater length by Hannah et al. (2011) and here we briefly mention radio aspects of HXR microflares. Kundu et al. (2006) compared the radio and HXR emission in a sample of microflares, using RHESSI and NoRH data. Microflares, X-ray bright-point flares, coronal X-ray jets and active region transient brightenings are all consequences of energy releases in the corona that are smaller than traditional flares, but are nonetheless clearly identifiable phenomena. The sample of 30 microflares studied by Kundu et al. (2006) showed relatively soft (i.e., steep) HXR spectra, which would lead one to expect that they would not possess sufficient mildly relativistic nonthermal electrons radiate strongly at microwave frequencies. Yet most of the microflares exhibit nonthermal microwave emission that requires electrons with energies exceeding 100 keV. This suggests that the radio-emitting electrons must have a harder energy spectrum than the HXR-emitting electrons: the imaging results show that typically the radio and HXR emission are not exactly coincident, supporting the possibility that the two electron populations are different. On the other hand, Ning (2008b) investigates a sample of apparently radio-quiet microflares and finds that their HXR properties are normal for microflares, as in the sample of Kundu et al. (2006) . Ning (2008b) used less sensitive microwave patrol data for the microwave fluxes, and it is possible that more sensitive NoRH observations would have detected nonthermal radio emission.
A prior study by Qiu et al. (2004) investigated somewhat larger events (up to GOES B2 in soft X-ray class) using RHESSI and OVSA data. The advantage of OVSA data is that complete radio spectral information is available, but their detection level of around 1 sfu is not capable of addressing events weaker in the radio domain. About 40% of their sample of about 200 events are detected in microwaves, with emission up to about 10 GHz and spectral peaks in the 5-10 GHz range: thus their microwave spectra behave like standard nonthermal gyrosynchrotron spectra and strongly resemble those of normal flares. Where measured, the radio spectra typically suggest harder electron energy distributions than the HXR spectra exhibit, and some microflares with negligible responses in the GOES soft Xray range nonetheless can have strong nonthermal microwave emission, emphasizing again the possible differences between the lower-energy nonthermal electrons to which HXRs below 25 keV are sensitive, and the higher-energy electrons responsible for the microwave emission.
Morphological comparison of microwaves and hard X-rays
As noted earlier, we have the expectation that radio images will illuminate the paths of nonthermal electrons along magnetic loops in the corona whose footpoints are outlined in HXR by precipitating nonthermal electrons. We have to bear in mind the differences in HXR and radio imaging data: the best RHESSI images have a dynamic range of order 100, whereas radio images (e.g., from NoRH and the VLA) can achieve a dynamic range of order 10 4 , and thus the radio images can show secondary sources in locations where the RHESSI images do not have enough dynamic range for sources to be visible above the noise. On the other hand, the brightness of the radio emission is strongly weighted by magnetic field strength, and this can lead to different emphases in the images at the two wavelengths.
"Loop" flares
We expect radio images of flares to outline magnetic field lines carrying trapped energetic particles: any such particles on open field lines rapidly move out into the solar wind (it takes 5 seconds for an electron at speed 0.5c to propagate to 1 R ⊙ ) and are not present in the regions of strong magnetic fields low in the Sun's atmosphere long enough to contribute significantly to the microwave emission (but they may be seen via their plasma emission as Type III bursts instead). In fact, flare radio images that clearly look like magnetic loops are the exception, not the rule. This may be partly due to limited spatial resolution: since NoRH has a typical resolution of order 10 ′′ , any loop needs to be quite large to appear as such in the radio images. Another factor is that the magnetic field variation along a loop can emphasize emission from strong-field regions or regions with θ ≈ 90 • so much that a loop morphology is not evident. Accordingly, events that do have a loop-like morphology tend to be heavily analyzed.
By far the favorite loop event for radio studies during the RHESSI period is SOL2002-08-24T01:12 (X3.1) on the west limb (Karlický 2004; Li & Gan 2005; Melnikov 2006; Tzatzakis et al. 2008; Romano et al. 2009; Reznikova et al. 2009; , which also produced a fast (1900 km s −1 ) CME and an energetic particle event at the Earth. Figure 5 .1 shows images in HXRs, microwaves and the EUV 195Å band (Fe XII and Fe XXIV) during the early part of the impulsive phase, for which RHESSI data are available. The apparent loop has a footpoint separation of order 70 ′′ and height of order 50 ′′ . The images provide an interesting contrast: in HXRs at tens of keV, presumably from nonthermal electrons, we see a pronounced brightening at the top of the "loop" in this early stage of the flare (here we use quotation marks to emphasize to the reader that while the source appears from our line of sight to be a "single loop"; in fact it could equally well be an arcade of loops extended significantly east-west, but co-located in projection along our line of sight). Line-of-sight effects can also play an important role in the appearance of the radio source, as discussed in Section 2. The flare apparently occurred on the visible disk and hence footpoint HXR sources should be visible, but they are not pronounced in these images; there is some evidence for multiple sources in the region of the southern footpoint at times before 00:55 UT. The radio images also show a bright peak at the top of the loop, but at 17 GHz the brightest source is at the southern footpoint, in a region that appears extended along the limb in the HXR images. The EUV image shows dense cool (Fe XII) and hot (Fe XXIV) material, the latter also detectable by RHESSI via its observations of the Fe and Fe-Ni X-ray emission-line complexes (Caspi 2010) .
The radio light curve for this event shows a number of intensive peaks over a period of 10 minutes starting at 01:00 UT, requiring repeated injections of energetic particles onto the coronal loops. Reznikova et al. (2009) analyzed the evolution of the radio morphology and found that each peak showed the same behavior: during the rise of a peak the southern footpoint is brightest at 17 GHz, but as each peak decays the loop top starts to dominate the images. Reznikova et al. (2009) interpret this as requiring that the highest density of nonthermal electrons always be located at the loop-top where the magnetic field is weakest, while the nonthermal density in the footpoints is initially high but decreases with time. An implication of this interpretation is that pitch-angle scattering must always be weak in the radio-bright region at the loop top. The question arises as to whether these injections occur onto increasingly higher ) . The prominent nonthermal radio source is visible at the eastern base of the radio emission from 02:00 UT onwards. The radio emission from the loop tops at the northern end of the arcade has a flat spectrum and hence is probably thermal free-free emission. The 10-20 keV hard X-rays originate above the EUV loops, in higher soft X-ray emitting loops, while the harder 30-100 keV X-rays originate at the same location as the nonthermal radio source. From Kundu et al. (2004) .
field lines, as in the helmet-streamer reconnection scenario, or onto essentially the same field lines, as expected for a confined flare. Li & Gan (2005) measured the radius of a circular fit to the radio "loop" at 34 GHz and found that the radius of the loop shrank steadily until 01:02 UT, and increased thereafter. Later in the flare (01:30 UT; see Figure 5 .2) the 17 GHz radio images show two loops well separated in height, while the 34 GHz images only seem to show the lower loop. The brightness temperature of the lower loop is 2-3 MK at 17 GHz and around 0.6 MK at 34 GHz, while the upper loop has a 17 GHz brightness temperature of 1-2 MK but is less than 0.05 MK at 34 GHz. The radio spectrum of the lower-altitude loop is consistent with thermal emission from a post-flare arcade of loops. Karlický (2004) argues that the higher loop, with its nonthermal radio spectrum, is emitting by gyrosynchrotron emission and its appearance requires ongoing acceleration of electrons to nonthermal energies in the extended phase of the flare. The presence of a very bright source at the southern footpoint, with brightness temperatures (over 20 MK at 17 GHz, less than 0.6 MK at 34 GHz) indicating nonthermal emission, supports this argument, as does the presence of significant emission in the 20-40 keV range in the same volume as the nonthermal radio emission ( Figure 5.2, left panel) .
Loop morphologies can also show up in thermal emission. Bone et al. (2007) discuss the development of a bright compact loop which has a flat radio flux spectrum and thus appears to be radiating by thermal bremsstrahlung. Densities of close to 10 11 cm −3 are inferred. Another flare occurs in the same set of loops 30 minutes later, and Veronig & Brown (2005), from analysis of the RHESSI hard X-ray spectra, inferred that the flare must have occurred in a very dense environment. The subsequent analysis of the radio data by Bone et al. (2007) confirmed this conclusion. Further discussion of this topic may be found in the chapter by Fletcher et al. (2010) .
SOL2002-04-21T01:51 (X1.5)
The well-studied limb flare SOL2002-04-21T01:51 (X1.5) exhibited a spectacular arcade of post-flare loops in EUV images. Kundu et al. (2004) studied the radio emission from this flare and found, much as in SOL2002-08-24T01:12 (X3.1), that bright nonthermal sources were seen at a number of locations low in the corona, while the top of the post-flare arcade clearly shows thermal bremsstrahlung emission from the dense plasma there. Distinct regions of radio emission with very different time behavior can be identified in the radio images, and in particular a peculiar nonthermal source seen in radio and hard X-rays low in the corona at the base of the arcade is seen to turn on at 01:45 UT, some 30 minutes after the start of the impulsive phase ( Figure 5.3 ). This event is striking for the wide range of types and locations of both radio and hard X-ray emission it displays. The energy distribution inferred for the radio-emitting electrons during the impulsive phase is quite similar to that inferred for the hard X-ray-emitting electrons, and the radio and hard X-ray light curves show similar time structure.
In the radio images we can identify at least four spatially-distinct regions that show quite different temporal behaviors ( Figure 5.4) . The brightest radio emission in the flare comes from a location to the north-west of the site where the flare starts, under the middle of the loop arcade, but the radio emission from this location fades after the impulsive phase and is unimpressive during the extended decay phase. On the other hand, the main source and the thermal and nonthermal sources in the arcade (distinguishable by their brightness temperature spectra) all participate in the extended phase. This indicates that energy release is ongoing throughout this phase and apparently distributed throughout the coronal volume above the flare site.
6 Millimeter-and submillimeter-wavelength emission from flares Radio emission from solar flares at millimeter and shorter wavelengths is expected to have two main characteristics: since optically-thin thermal emission has a flat flux spectrum, it should become increasingly important relative to the falling spectrum of nonthermal gyrosynchrotron emission as one goes to higher frequencies. However, higherfrequency nonthermal gyrosynchrotron emission requires emission at ever higher harmonics of the electron gyrofrequency, and this makes it sensitive to electrons with much higher energies than are required for microwave emission (MeV and higher energies rather than tens to hundreds of keV : Ramaty 1969; White & Kundu 1992; Ramaty et al. 1994 , and Figure 2 .1). Bremsstrahlung is increasingly inefficient as electron energy increases because faster electrons suffer less deflection by a nucleus. However, synchrotron emission increases in efficiency as electron energy increases. Thus millimeter-wavelength observations are a very sensitive diagnostic of γ-ray-emitting electrons, more sensitive, in fact, than current γ-ray detectors in the sense that nonthermal emission from smaller flares is more easily detected at millimeter wavelengths (e.g., Kundu et al. 1994; White 1994; Silva et al. 1996; Raulin et al. 1999; White 1999) .
During the period of RHESSI observations, the Solar Submillimeter Telescope (SST; Kaufmann et al. 2008 ) has routinely monitored the Sun at 212 and 405 GHz from the Argentinian time zone. Typically only major flares can be detected at these wavelengths, where the atmosphere has a major influence on detectability (the sky opacity at 405 GHz is generally in excess of 1).
An example of SST data is shown in Figure 6 .1, from SOL2006-12-06T18:47 (X6.5). This event is typical in that there is in general a good correlation between the radio emission and the HXR/γ-ray emission, consistent with the picture of the radio emission resulting from gyrosynchrotron emission by the same nonthermal electrons that produce the HXR/γ-ray emission by bremsstrahlung. However, this event, in common with a number of others, shows a major inconsistency with this picture: the radio spectrum shows a normal nonthermal behavior with a spectral peak in the 10-20 GHz range, with a falling spectrum at high microwave frequencies, but the SST data show an increasing spectrum from 212 to 405 GHz. Such behavior is not understood. Other events detected by SST show radio spectra that are consistent with a single nonthermal electron population, as in the case described by : in that flare no flux was detected above 250 keV, yet the 212 GHz emission was clearly detected.
As discussed earlier, it is well known that there is generally a discrepancy between the energy distribution of the nonthermal electrons that produce the HXRs and those that produce the radio emission at high frequencies: the radio data generally show a harder spectrum (e.g., Kundu et al. 1994; Raulin et al. 1999; Silva et al. 2000) . This is attributed to the fact that the energies of electrons emitting the HXRs (many tens of keV) are smaller than those of the radio-emitting electrons (hundreds of keV): if the typical electron energy spectrum breaks up at energies above a few hundred keV, this could explain the observations. In principle, γ-ray spectra should show a break up at higher photon energies if the electron energy spectrum has such a break, but in the relevant energy range (photon energies above 500 keV) it is difficult to separate the electron bremsstrahlung spectrum from the nuclear line spectrum that usually dominates γ-rays above 1 MeV. There is one class of events for which the the electron bremsstrahlung spectrum above 0.5 MeV is more easily determined, the so-called "electron-dominated events" (Marschhauser et al. 1991) . These events result from extremely hard electron energy spectra whose bremsstrahlung dominates the usual nuclear line region. The prototype of this class of event was SOL1989-03-06T13:56 (X15), in which the photon spectrum during the main emission peak had a spectral index of 2.5 from 0.3-0.8 MeV, flattening to about 1.4 from 1 MeV to 10 MeV (Marschhäuser et al. 1994) . Petrosian et al. (1994) argued that the entire 0.3-10 MeV photon spectrum in this event can be explained by bremsstrahlung from a single electron energy distribution with power-law index 2.2. In their model, the steeper photon spectrum below 1 MeV is due to the fact that the lower-energy photons are emitted nearly isotropically whereas the higher-energy photons are preferentially beamed along the direction of electron motion into the Sun (e.g., Vestrand et al. 1987) . As noted in Section 2.2, relativistic and electron-electron effects in a single power-law energy distribution can produce a flattening of order 0.5 in the photon spectral index above 500 keV. Trottet et al. (1998) discuss the electron-dominated flare SOL1990-06-11T09:43 (M4.5), which exhibited a flattening of the bremsstrahlung photon spectrum at high energies but also major variations in the spectrum with time. During the brightest γ-ray peak the spectrum flattened by about 1 at 700 keV, whereas during other emission peaks the lower-energy photons had a spectrum steeper by 2-2.5 than the spectrum above 400 keV. The radio spectrum from 35 to 50 GHz during the brightest peak corresponds to an electron energy distribution with index of order 3, as does the bremsstrahlung photon spectrum above the break, so in this event they appear to be compatible with a single electron energy distribution. Vilmer et al. (1999) study another electron-dominated event in which the bremsstrahlung photon spectrum flattens above 500 keV by about 1 in the spectral index.
But even a break upwards in the electron energy spectrum, as described above, cannot produce a radio spectrum that rises in the submillimeter range. One can envisage a source of ultra-relativistic leptons in a very high magnetic field region: Trottet et al. (2008) suggest that ultra-relativistic positrons resulting from pion decay are a possible source of the impulsive submillimeter component in SOL2003-10-28T11:10 (X17.2) seen in conjunction with highenergy protons (>200 MeV), although it seems unlikely that sufficient positrons can be produced by this means and energetic electrons are still a more plausible interpretation. An optically-thick thermal source could produce a rising spectrum, but it would have to be either exceptionally large or exceptionally hot (e.g., Silva et al. 2007 , who prefer an interpretation in terms of gyrosynchrotron emission from electrons in a very strong magnetic field). In the case of SOL2006-12-06T18:47 (X6.5), the SST observations place an upper limit of 15 ′′ on the submillimeter source size, and for a source that small to produce the observed flux via thermal emission requires such high temperatures that the source would be intense in the GOES soft X-ray range, and would have been seen at other wavelengths (e.g., ). At the time of writing, there is no completely accepted explanation for this spectral feature; a more detailed discussion of this topic may be found in Krucker et al. (2010a) .
Decimeter and low-frequency radio emission in association with hard X-rays
Most decimeter (300-3000 MHz) and low-frequency (here referring to frequencies below 300 MHz) emission from the Sun is dominated in flares by very bright plasma emission, i.e., conversion of electrostatic Langmuir waves at the electron plasma frequency ( f p = 9000n 1/2 e ) into electromagnetic radiation at the fundamental f p and the second harmonic 2 f p . The Langmuir waves are generated by coherent processes, such as a bump-on-tail instability driven by an electron beam, and so this mechanism can reach very high brightness temperatures even though relatively few electrons are involved. Furthermore, by definition, low-frequency plasma emission comes from regions of low density, whereas hard X-ray emission by bremsstrahlung from collisions is preferentially seen from regions of high density. For this reason, we might not expect a close relationship between low-frequency radio bursts and hard X-ray emission: the electrons producing both have similar energies (plasma emission can be very strong from electrons with energies of tens of keV), but they may be located in very different environments. As an example, Vilmer et al. (2003) discuss the radio and HXR data for an M8 flare in which there are multiple HXR sources and multiple spatially-distinct radio sources in the 100-500 MHz range, but little spatial correlation between the two wavelengths: in particular the early HXR emission in the event seems to come from compact closed magnetic loops with little escape of energetic electrons onto the higher field lines where we believe that the low-frequency radio sources are located. In a later phase of this event a new HXR source low in the atmosphere is associated with the appearance of new radio sources at much greater heights, suggesting simultaneous injection of electrons over a wide range of spatial scales.
7.1 Radio bursts and energy release in flares and Arzner & Benz (2005) have carried out surveys of the types of radio bursts in the range 0.1-4 GHz that occur in flares that exhibit hard X-rays, using data from the Phoenix-2 spectrometer operated by ETH-Zürich. This frequency range is dominated by plasma emission and other forms of coherent processes such as electron cyclotron maser emission. investigated 201 flares and found that about 20% of such flares did not exhibit radio emission in their range (although many of the events with no radio emission were close to the limb and that fact may play a role in their non-detection; see Benz et al. 2007 ), but over half of the HXR-productive flares followed a similar pattern: at lower frequencies Type III bursts (indicating electron beams) are seen propagating outwards, and at the highest frequencies the bottom of the optically-thick gyrosynchrotron continuum from nonthermal electrons is seen, while in Fig. 7 .1 A dynamic spectrum of reverse-drift radio bursts observed with the Ondrejov spectrograph between 1.0 and 1.2 GHz (Fárník & Karlický 2007). between (typically in the range 500 MHz to 2 GHz) pulsations and/or narrowband spikes (often attributed to electron cyclotron maser emission) may occur. Note that a plasma frequency of 1 GHz corresponds to an electron density of 1.2 × 10 10 cm −3 and an electron cyclotron frequency of 1 GHz corresponds to a magnetic field strength of 360 G, both of which are values characteristic of the low corona and heights where we might expect energy release to be taking place, For this reason, there has long been interest in understanding the relationship between energy releases and coherent radio bursts in the decimetric range (e.g., Aschwanden et al. 1985 Aschwanden et al. , 1990 Güdel et al. 1991) . Arzner & Benz (2005) looked in more detail at the relationship between the timing of radio and hard X-ray emission in this frequency range. They found that only about 20% of type III bursts show a close temporal correlation with HXR peaks, generally trailing the HXR by about 0.5 seconds. Some reverse-drift and patchy bursts also show such delays relative to the HXRs. Such delays can be explained by scattering of the radio emission in the inhomogeneous medium around the source.
Narrowband decimetric spikes show the strongest association with HXRs, in the sense that 95% of such spikes occur during HXR emission (but only 2% of HXR flares show spikes; Guedel et al. 1991) . The spikes have timescales shorter (<0.1 s) than we can easily measure in hard X-rays, so timing comparisons are difficult. In addition, spikes may be occurring across a range of frequencies at any given instant, so choices have to be made when making comparisons with HXR light curves. Dabrowski & Benz (2009) carry out a careful comparison of decimetric spikes and HXRs in the time domain. They cross-correlated the radio spike and RHESSI HXR light curves to measure delays. The mean correlation coefficient was around 0.7, which is statistically significant for the size of the sample. The delays showed a broad distribution with a standard deviation of order 4 seconds but a mean consistent with zero delay. Battaglia & Benz (2009) investigated the relationship between spike and HXR sources by comparing the spatial locations of the two emissions for a flare at the limb. The spike locations were obtained from Nançay Radio Heliograph observations between 300 and 432 MHz, while RHESSI provided HXR images. The radio spikes were found to be significantly displaced from the HXR sources and at a greater height. Low-frequency radio emission is typically scattered and refracted in the corona, but any refraction will make the apparent height lower than the true height (e.g., Melrose & Dulk 1988) . It is possible that there is HXR emission from the spike locations but that it is much weaker than the lower-altitude sources and is lost in the limited dynamic range of the HXR images. An occulted event would be needed to test this possibility. investigate some features in decimetric dynamic spectra that they argue, based on simultaneous RHESSI data, represent upflows due to heating of the chromosphere by nonthermal electrons.
Hard X-rays from reverse-drift bursts
Electron beams are a common phenomenon in the solar corona (even in the absence of flares), visible through both their plasma emission at radio wavelengths and their bremsstrahlung hard X-ray emission if they reach the chromosphere The exact mechanism by which these electron beams are generated is still unknown. For example, Xpoint reconnection is believed primarily to produce oppositely directed bulk ion flows, but not collisionless electron beams, and so the production of such beams in this mechanism would require a secondary process. Detection of both radio and HXR emission from the same feature would be an important step in understanding their origin, since the HXR data reveal the energy distribution of accelerated electrons and the radio data have the potential of revealing the location of the acceleration site and the physical conditions therein.
While the most common manifestation of electron beams is the Type III radio burst (discussed next), generated by electrons moving outwards through the corona on open field lines, symmetry suggests that there should be roughly equal numbers of electron beams going downwards. If such beams generate plasma emission, they will be seen to drift from lower to higher frequencies as time proceeds, the reverse of Type III bursts, and hence they are referred to as "reverse-drift" bursts. Since the electrons in such events are moving downwards towards the chromosphere, they seem more likely to be associated with hard X-rays. At frequencies above 1 GHz, such bursts, if due to plasma emission, must arise low in the corona and propagation times down to the chromosphere are typically less than 0.5 seconds. 3 The relationship between reverse-drift bursts and hard X-rays has been studied by and Fárník & Karlický (2007) . An example is shown in Figure 7 .1. From comparison with hard X-ray data in over 20 groups of reverse-drift bursts, these studies find that bursts are mostly observed during the rise phase of the hard Xray emission, but in the range above 1 GHz there was no one-to-one relationship between individual HXR peaks and individual reverse-drift bursts at a time scale of order 1 second. By contrast, in the frequency range below 1.4 GHz Aschwanden et al. (1995) found correspondence between individual X-ray peaks and fast-drift radio bursts (both Type IIIs and reverse-drift bursts) at a level of 26%. Thus the higher-frequency (and presumably, higher-density environment) reverse-drift bursts above 1 GHz currently do not support the idea that such downgoing electron beams visible at radio wavelengths are responsible for the bulk of the HXRs emitted by flares.
7.3 Hard X-rays from Type III radio bursts Depending on the height at which they originate, Type III radio bursts may seem to be unlikely candidates for correlation with hard X-rays. Those originating at densities below 10 9 cm −3 ( f p = 300 MHz) do not experience much column density as they travel away from the solar surface, making it difficult for them to produce detectable bremsstrahlung HXRs as they propagate outwards. But if they have downgoing counterparts, not necessarily detected as radio sources, then the downgoing electrons will encounter a greater column density and thus could produce observable HXRs.
Type III bursts have a high degree of correlation with the onset of HXR emission in impulsive flares: in about 30% of flares (and a larger proportion of impulsive flares) Type III emission occurs as the impulsive phase begins (e.g., Cane et al. 1986; Cane & Reames 1988; Aschwanden et al. 1990 ), but typically these impulsive-phase radio bursts do not last for the entire period of HXR emission so a one-to-one association with HXR features cannot be established. Saint-Hilaire et al. (2009) carry out a detailed study of the quantitative conditions needed for outward-traveling electron beams such as Type-III-emitting streams to be detectable as thin-target nonthermal HXR sources. They find that radially-extended HXR sources can indeed be produced by electron beams propagating through standard coronal density models, but only if the electron beams are intense: they find that 10 35 electrons above 10 keV are needed for detection of the source, but that 10 36 electrons above 10 keV are needed if RHESSI is to be capable of imaging the HXR source. Such strong beams are more characteristic of the downward flux at an HXR-emitting footpoint in a Fig. 7 .2 RHESSI iso-contours (black) (40, 60, 80% of the maximum) at 25-40 keV and NRH contours at 410 MHz (white) (50, 60, 70, 80, 90%) for the SOL2002-02-20T11:07 (C7.5) (Vilmer et al. 2002) . The RHESSI and NRH contours are superposed on an EIT image obtained at 11:12 UT.
flare than of the outward-propagating Type-III-burst electron beams as inferred from measurements in the solar wind (Krucker et al. 2007 ). These calculations assume that the electron beam is generated in a region of density 3 × 10 9 cm −3 (plasma frequency of 500 MHz) in a density model with scale height ∼10 10 cm; beams generated at lower starting densities will experience less column density and therefore will be difficult to detect unless the beams are much stronger. Vilmer et al. (2002) compared Type III bursts with hard X-rays in one of the first flares observed by RHESSI, SOL2002-02-20T11:07 (C7.5). In that event the radio emission from outgoing electron beams seems to be very well correlated with hard X-ray emission. Figure 7 .2 shows the relative locations of the HXR sources and 410 MHz emission observed with the Nançay Radio Heliograph. The RHESSI images show three separate sources in locations consistent with thick-target footpoint emission, each with a different temporal behavior (only two are visible in the figure). At one point there is a transition in which the source initially brightest in HXRs fades and is overtaken by a different source. This transition occurs at a time when the 410 MHz radio emission shows a distinct brightening, suggesting a causal connection between the radio and HXR emission. Nançay Radio Heliograph radio images of this event also show a transition. Initially the HXR footpoint sources occupy a spatial scale of order 20 ′′ while the 410 MHz radio emission shows two sources aligned almost radially above the flare site at altitudes of order 300 ′′ & 400 ′′ above the photosphere, with the lower source being the brighter: after the transition in the location of the brightest HXR emission, the higher 410 MHz source becomes brighter. Vilmer et al. (2002) interpret the good correlation between the HXR and radio emission, which extends down to timescales as short as a few seconds, as evidence for a common acceleration site with simultaneous injection of electrons both in low-lying magnetic features where they produce hard X-rays, and in larger scale and higher magnetic structures where the radio emission is produced. Yan et al. (2006) discuss another flare in which Type III bursts are seen for a long period coincident with HXR emission, but the locations of the Type III sources are found to be a large distance from the flare site, at the edge of an associated CME, and the connection to the HXR emission is less clear. Christe et al. (2008) investigated a group of 6 interplanetary Type III bursts that showed associated HXR emission at RHESSI. Figure 7 .3 shows RHESSI data during a group of Type III bursts observed by the WIND/WAVES instrument from 2-14 MHz; there is a clear correlation between the HXR peaks and the onset of Type III radio emission for this group. Christe et al. (2008) discuss (quantitatively) the possibility that the HXRs are produced by the Type III-emitting electrons via thin-target bremsstrahlung in the corona, and conclude that the number of electrons Fig. 7 .4 RHESSI X-ray imaging before (left), during (middle), and after (right) radio Type III bursts. Thermal emission (4-8 keV) is shown in red contours (contours at 5, 10, 30, 50, 70, 90% of the level in the final panel) with 10 ′′ FWHM resolution, and the 14-30 keV emission is given in blue (levels are 65, 75, 85, and 95%) with a resolution of 60 ′′ . From Krucker et al. (2008b). required in the Type III beam would be too large to be consistent with the observations. Instead, these events look like HXR microflares, with the HXR spectra being very soft, and the Type III bursts produced during the energy release in the same way that they are at the onset of impulsive flares. The energy releases in the events shown in Figure 7 .3 are less than 10 27 erg.
On the other hand, Krucker et al. (2008b) discuss a larger event that occurred at the solar limb such that the main footpoint HXR sources are occulted and RHESSI could easily determine the height of the coronal HXR sources. They found that the event did show HXR sources at the solar surface, but when Type III radio emission was present there was a coronal HXR source elongated in the radial direction (see Figure 7 .4), consistent with expectations for thin-target HXRs from the Type III-emitting electrons. The WIND spacecraft was able to measure the number of nonthermal electrons in the Type III burst reaching the Earth and again it appeared to be an order of magnitude too low to explain the observed HXR flux. These quantitative comparisons are fraught with assumptions that need to be made but cannot easily be tested: for example, we must assume that WIND measures the bulk of the Type III electrons in the solar wind when it might be merely sampling the edge of the electron beam, and we make assumptions about the pitch-angle distribution of the nonthermal electrons in the HXR source, how long the electrons spend in the source, and how open magnetic field lines connected to the surface diverge with distance in the solar wind. These assumptions introduce uncertainties in the result, but at this point we can say that there are no cases where we can quantitatively attribute the HXR to the Type III-emitting electrons. On the other hand, based on this event we can expect that there are more cases of partially-occulted flares exhibiting radially-elongated HXR emission in conjunction with Type III bursts waiting to be identified in the RHESSI archive.
Acceleration sites in the corona
As noted above the combination of radio and HXR data is a valuable tool for understanding the location and nature of energy release sites: the radio data, in particular, identify the density in the accelerator if radio emission at the local plasma frequency is visible. This principle has been applied by in identifying a particular feature in radio dynamic spectra with the termination shock of a reconnection outflow. The argument is that reconnection sites produce bulk outflows at the Alfvén speed and these outflows are likely to terminate at a shock where the bulk flow energy in the ions can be converted into heat. Such a shock can also accelerate electrons and thus lead to observable plasma emission (Aurass et al. 2002; Aurass & Mann 2004) . Figure 7 .5 shows a slow-drift feature in the dynamic radio spectrum of SOL2003-10-28T11:10 (X17.2) that interpret as such a termination shock. In this event, Nançay Radio Heliograph observations above 300 MHz (at frequencies interpreted as harmonic plasma emission) show a source at the time of the termination-shock feature that is located 0.3 R ⊙ (in projection onto the sky) away from the flare site (the physical distance may be larger since the flare is close to disk center; Pick et al. 2005 ). The radio termination-shock feature is seen at the same time that intense γ-ray emission is seen, and argue that the termination shock is the acceleration site for the relativistic γ-ray-emitting electrons. and investigate shock-drift acceleration as a means by which the energy in such outflows may be converted into electron energy at a termination shock, utilizing the relativistic theory for shock-drift acceleration developed by . As yet there is no independent confirmation of the presence either of reconnection outflows or a "wall" in the low-density corona suitable to terminate such a flow, so the true nature of spectral features such as that in Figure 7 .5 continues to be a topic for research. Additional discussion of this topic may be found in Holman et al. (2011) .
This model is not alone in placing the acceleration site for very energetic electrons that produce observable HXRs and γ-rays at a considerable height such that the ambient density (in this case, with the fundamental plasma frequency being around 150 MHz in the termination shock region, the electron density is less than 3 × 10 8 cm −3 ) and the magnetic field in the acceleration site are both relatively low. In such models, acceleration takes place in a relatively low-energy-density region, and then the energetic electrons must propagate a large distance back to a region of higher energy density at the flare site low in the atmosphere to produce observable bremsstrahlung. If the γ-ray sources consist of footpoints on either side of a neutral line, then presumably the oppositely-directed field lines from the active region must also thread the termination shock despite the large distance between the acceleration site and the HXR/γ-ray sources (on the other hand, non-footpoint locations for the γ-ray sources, as for the 2.223 MeV neutron-capture line, may point to an acceleration site that is not threaded by loops from the active region; Hurford et al. 2006) . These complications apply to any model in which acceleration does not take place low in the corona over an active region, and distinguishing between these two classes of models remains an important step in identifying the energy release and acceleration mechanisms operating in solar flares.
Summary
Progress during the RHESSI era has confirmed the value of utilizing radio and HXR data simultaneously to study accelerated electrons in the solar corona. The complementary nature of the diagnostics in the two wavelength regimes allows one to study phenomena from differing viewpoints. However, we have not yet solved several very important problems, notably the discrepancy between the nonthermal electron energy spectral index derived from radio and HXR observations of electrons which, since they show the same temporal behavior, must be related; and the anomalous rising-spectrum submillimeter component. Both of these problems need high-frequency radio data (>30 GHz) for proper study. 
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